We investigated the changes in follicular dynamics and steroidogenic activity during heat stress in goats. Adult female goats were exposed to heat stress at 36 8C and 70% relative humidity for 48 h and then injected with prostaglandin (PG) F 2a (the time of PGF 2a injection was designated as 0 h). In experiment 1, every follicle greater than 2 mm in diameter was monitored by ultrasonography to investigate the follicular dynamics, and plasma concentrations of FSH, LH, progesterone, and oestradiol were measured from 248 h to 120 h. In experiment 2, the follicles were recovered from the goats at 48 h, and the concentration of oestradiol, the aromatase activity, and the LH receptor level in the follicles were determined. In control (non-heatstressed) goats, ovulatory follicles were mainly recruited from 224 h to 0 h, whereas no follicles recruited during that period were ovulated in the heat-stressed goats. The timing of the recruitment of ovulatory follicles was delayed by heat stress by approximately 24 h. The plasma concentration of oestradiol in the heat-stressed goats was significantly lower from 36 to 54 h compared with the controls, although the concentrations of FSH and progesterone did not differ between the treatments. In addition, the concentration of oestradiol, the aromatase activity, and the LH receptor level in the follicles from heat-stressed goats were significantly lower compared with the controls. These results indicate that heat stress during follicular recruitment suppresses subsequent growth to ovulation, accompanied by decreased LH receptor level and oestradiol synthesis activity in the follicles. 
Introduction
Low fertility is widely observed in domestic animals during the summer (Ingraham et al. 1974 , Gwazdauskas et al. 1975 . This problem has recently been exacerbated by increases in livestock productivity and the concurrent rise in metabolic heat production. In lactating cows, hyperthermia can occur at ambient temperatures as low as 27 8C (Berman et al. 1985) and causes a decreased rate of conception (Udompraset & Williamson 1987) . Although low summer fertility syndrome is attributed to multiple mechanisms (reviewed by Hansen et al. 2001) , alteration of follicular dynamics, including steroidogenic ability, is a major factor in the development of the syndrome , Trout et al. 1998 .
During the 1990s, ultrasonographic techniques were developed using the intrarectal approach to visualize ovaries (Fortune et al. 1991 , Griffin & Ginther 1992 , providing a direct and noninvasive means of monitoring heat-stressinduced follicular changes. It has been reported that heat stress suppresses the functions of the largest follicle, i.e. the dominant follicle. In lactating cows under heat stress, the size of the dominant follicle is reduced during the first and second follicular waves , Wilson et al. 1998a , and the number of follicles of the next largest size is increased (Wolfenson et al. 1995) . In contrast, discrepancies still exist between previous studies concerning follicular recruitment under heat stress; it was found that heat stress caused either a decrease (Wolfenson et al. 1995) or an increase (Trout et al. 1998) in the emergence of small follicles (2-5 mm in diameter). In addition, although it was reported that heat stress caused a decrease in the oestradiol concentration of the fluid of the dominant follicle (Wolfenson et al. 1997) , the steroidogenic activity in small and medium follicles under heat stress has been poorly investigated.
Circulating concentrations of gonadotrophin, which plays an important role in regulating follicular dynamics, are also altered by heat stress. A previous study found that heat stress caused an increase in the plasma follicle-stimulating hormone (FSH) concentration in cows . On the other hand, conflicting findings concerning the effect of heat stress on plasma luteinizing hormone (LH) have been reported; heat stress has been reported to cause the plasma LH concentration in cows to decrease (Madan & Johnson 1973 , Miller & Alliston 1974 , remain unchanged (Gwazdauskas et al. 1981 , Rosenberg et al. 1982 , or increase (Roman-Ponce et al. 1981) . More recently, Kanai et al. (1995) found that heat stress did not change the pituitary LH secretion in long-day-treated anoestrous goats that were injected with exogenous gonadotrophin-releasing hormone (GnRH) to induce artificial LH pulses, whereas it reduced the follicular responsiveness to LH. Follicular LH responsiveness is attributed to the expression of LH receptors on the follicles (Webb & England 1982) . Therefore, it appears probable that heat stress induces alterations in the follicular LH receptors. In the present study, we investigated the follicular alterations induced by heat stress during follicular recruitment by monitoring (i) follicular dynamics using ultrasonography; (ii) plasma concentrations of LH, FSH, oestradiol, and progesterone; and (iii) follicular steroidogenic activity and LH receptor expression in heat-stressed and control goats.
Materials and methods

Animals
The 3 -5-year-old female Shiba goats (Capra hircus) used in this study were housed in an environmental chamber at 25 8C and 50% relative humidity (RH) with a 12-h light/12-h dark photoperiod (lights on at 0800 h) and were fed alfalfa-hay cubes (25 g/kg body weight per day). Water and mineralized licks (Koen; Nippon Zenyaku Kogyo Co., Hukushima, Japan) were available ad libitum. All experimental protocols and animal handling procedures were reviewed and approved by the Animal Care and Use Committee of the University of Tsukuba.
Synchronization of oestrous cycles and temperature treatment
The plasma progesterone concentrations of the goats were assayed to determine the phase of the oestrous cycle, and the oestrous cycles were subsequently synchronized using a single intramuscular injection of 0.5 ml prostaglandin (PG) F 2a (Panacelan-Hi; Fine Chemical Technology Co., Toyama, Japan) administered 8 -10 days following the detection of oestrus. The time of the PGF 2a injection was designated 0 h, and the goats were heat stressed in an environmental chamber at 36 8C and 70% RH from 2 48 to 0 h. The control goats remained at 25 8C and 50% RH.
Monitoring of rectal temperature, respiration and heart rates, and water and feed intake
The rectal temperature of each goat was measured at 6-h intervals from 2 72 to 24 h with a Thermistor instrument (D611; Takara Thermistor Co., Tokyo, Japan). Respiration and heart rate were counted once daily during the experimental period. The water and feed were weighed each day, and daily intakes were calculated. All measurements were made inside the environmental chamber.
Ultrasound evaluation of follicular dynamics
Follicular dynamics were observed once a day from 248 to 120 h by imaging using a B-mode scanner (SSD-630; Aloka Co., Tokyo, Japan) with a 7.5 MHz Transrectum Electronic Linear Probe (UST-660-7.5; Aloka Co.). Every observed follicle of $2 mm in diameter was recorded. We preliminarily observed that the mean diameter of the ovulatory follicle was 5.1^0.1 mm (data not shown). In this study, therefore, the follicles were classified by diameter as small (2 -3.4 mm), medium (3.5-4.9 mm), or large ($ 5 mm), according to our preliminary examination and a previous report on sheep by Carson et al. (1979) . On each examination, the relative location of follicles and their diameters were recorded to determine the patterns of recruitment, growth, and regression of individual follicles. Follicular recruitment was identified as the day of emergence of new small follicles (Ravindra et al. 1994) . Ovulation was determined using three criteria: (i) the disappearance of a large follicle, (ii) the subsequent development of a corpus luteum within 3 days, and (iii) an increase of the plasma progesterone concentration above 1 ng/ml.
Sampling of blood and follicles
Blood samples (3 -8 ml) were collected from the jugular vein once daily from 2 48 to 0 h and at 6-h intervals from 0 to 144 h to determine plasma progesterone, oestradiol, FSH, and LH levels. For monitoring of pulsatile LH secretions, blood samples were collected at a 6-min interval from 36 to 40 h. The samples were centrifuged, and the supernatants were stored at 2 20 8C until assayed for each hormone (n ¼ 6 in each group). In addition, another six ovariectomized (OVX) goats were monitored for LH pulses according to the method described by Tanaka et al. (1994) , with some modifications. In brief, OVX goats were implanted subcutaneously with capsules (3.35 mm inner diameter, 4.65 mm outer diameter, 4.0 mm length; Dow Corning Toray Silicone Co., Tokyo, Japan) containing 0.1 g oestradiol for 5 days, or implanted with capsules made of Silastic sheet (50 £ 75 mm; Dow Corning Toray Silicone Co.) containing 1.0 g progesterone additionally with oestradiol capsules for 5 days. Blood samples were recovered 1 day before steroid implantation (without steroids), 5 days after oestradiol implantation (E implantation), or 5 days after oestradiol and progesterone implantation (E þ P implantation), to monitor the pulsatile LH secretions. The pulses were identified by the method as described by Merriam & Wachter (1982) .
The ovaries were surgically recovered at 48 h from eight other goats (n ¼ 4 each in the control and heat-stress groups). Every follicle that was recruited from 2 24 to 0 h and that had a diameter of 2 mm or larger was collected from the ovaries and classified by size. The follicles, grouped by size, were minced with ophthalmic scissors in 1 ml PBS in plastic centrifuge tubes held on ice and then centrifuged at 1000 g for 15 min. The supernatants containing the follicular fluids were assayed for hormone levels. The precipitates containing the cumulus and theca cells were washed with M199 medium (Sigma Chemical Co., St Louis, MO, USA) and assayed for aromatase activity and LH receptor content.
Plasma and follicular fluid hormone assays
The plasma concentrations of FSH and LH were assayed by double-antibody RIA as described by Araki et al. (2000) for FSH and Mori & Kano (1984) for LH. Rabbit anti-sheep FSH serum (NIAMDD-anti-oFSH-1) and rabbit anti-sheep LH serum (YM-18) were used as the primary antibodies. Purified sheep FSH (NIAMDD-oFSH-RP-1) and LH (NIAMDD-oLH-24) were used as reference standards and as iodinated ligands. The radioactivity was counted on a gamma counter (ARC-380; Aloka Co.). The sensitivities of the assays were 0.05 ng/ml, and the inter-assay coefficients of variation were 12.0% for FSH and 11.3% for LH.
The progesterone and oestradiol concentrations in the plasma and follicular fluid samples were measured by single-antibody RIA in duplicate. Rabbit anti-progesterone-11a-BSA serum or rabbit anti-oestradiol-6-CMO-BSA serum was used as antibody, and [1, 2, 6, H]progesterone (103 Ci/mmol) or [2,4,6,7,16,17- 3 H]oestradiol (151 Ci/ mmol; both from Amersham International) were used as the radiolabeled hormone. For the progesterone assay, 300 ml of each sample was added to 3 ml hexane, mixed, and centrifuged. The samples were separated into 1 ml aliquots and dried under N 2 gas. Then 100 ml rabbit anti-progesterone serum diluted 1:6000 in 0.01 M PBS containing 0.1% (w/v) gelatin (PBS-gel), 100 ml radiolabeled progesterone (20 000 d.p.m. in PBS), and 500 ml PBS-gel were added to each sample tube and incubated at 4 8C for 24 h. After incubation, 200 ml dextran-coated charcoal solution (prepared by mixing equivalent volumes of 0.5% (w/v) Norit A and 0.05% (w/v) dextran solutions; Sigma Chemical Co.) was added and reacted for 15 min. The samples were centrifuged at 1000 g for 15 min at 4 8C; 500 ml of each supernatant was then transferred to a vial containing 4.5 ml scintillation fluid and counted on a scintillation counter (LSC-6000; Aloka Co.). For the oestradiol assay, 2 ml of each sample was added to 10 ml benzene and dried under N 2 gas. The residues were redissolved in 1.2 ml PBS-gel and separated into 500 ml aliquots. Rabbit anti-oestradiol antibody (diluted 1:44 000 in PBS-gel; 100 ml) and 100 ml labeling hormone (20 000 d.p.m. in PBS) were added, and the procedure described above for the progesterone assay was followed to determine the oestradiol concentration. The sensitivities of the progesterone and oestradiol assays were 1 and 4 pg/ml. The inter-and intra-assay coefficients of variation for progesterone were 12.3 and 7.1%, and for oestradiol were 11.1 and 7.9%.
Aromatase activity assay and LH receptor assay
The aromatase activity in the follicles was assayed using the methods described by Robert et al. (1980) and Thatcher et al. (1991) . In brief, minced follicle samples were added to 4 ml M199 medium containing 9.3 mM [1b,2b-3 H]testosterone (0.5 mCi/mmol; New England Nuclear, Boston, MA, USA) and incubated at 38.5 8C in 5% (v/v) CO 2 for 3 h. After incubation, sample tubes were centrifuged at 1000 g for 15 min at 4 8C, and 1 ml of the supernatants were transferred into another tube containing 200 ml 25% (w/v) Norit SX-II solution (Wako Pure Chemical Industries, Osaka, Japan) and incubated at 4 8C for 2 h. Subsequently, tubes were centrifuged at 1000 g for 15 min at 4 8C, and 500 ml of supernatants were transferred into vials with 4 ml emulsion scintillator, and the scintillations were measured using a scintillation counter (Aloka Co.). After the measurement of the aromatase activity, the samples were washed in 3 ml PBS containing 1% (w/v) BSA (PBS/BSA) and centrifuged at 1000 g for 15 min at 4 8C. The precipitates were used to determine the LH receptor levels using the method described by Kawate et al. (1989) . In brief, 1 ml PBS/BSA was added to tubes containing sample precipitates, and homogenized on ice. Each homogenate was transferred to another tube with 100 ml 125 I-labelled human chorionic gonadotrophin (300 000 d.p.m.) and incubated at 25 8C for 24 h. Then, 2 ml assay buffer (PBS/BSA containing 0.5% (w/v) silica gel) were added into tubes, and centrifuged at 1000 g for 30 min at 4 8C and the supernatants were removed. Then another 2 ml assay buffer was added and centrifuged again. Supernatants were removed and the radioactivities in the precipitates were counted using a gamma counter (Aloka Co.). The inter-and intra-assay coefficients of variation for aromatase were 7.3 and 6.7%, and for LH receptor were 11.5 and 7.6%, respectively.
Statistical analysis
The data are expressed as means^S.E.M. The number of recruited follicles, rectal temperature, respiration and heart rates, water and feed intake, aromatase activity, LH receptor levels, and concentrations of oestradiol and progesterone in the follicular fluid were analyzed using Student's t-test. Changes in plasma oestradiol, progesterone, LH, and FSH concentrations were analyzed using ANOVA for repeated measures (Gill & Hafs 1971) . When a significant effect was detected with ANOVA, the significance of the difference between means was determined by Duncan's multiple range test. The percentages of follicles that eventually ovulated were arc-sine transformed and then analyzed using Student's t-test.
Results
General response to heat stress
The general responses to heat stress in the goats are shown in Table 1 . The average rectal temperature of the goats in the heat-stress group was significantly increased compared with that of the controls (P , 0.001). The respiration rate, water and feed intakes (P , 0.001), and heart rate (P , 0.01) were significantly different between the control and heat-stress groups. During the treatment period, no parameters differed significantly among the groups. In addition, none of the parameters differed before and after the heat exposure compared with the control (data not shown).
Effects of heat stress on follicular dynamics and ovulation
The numbers of recruited follicles and the percentages of follicles that eventually ovulated observed during the experiment are presented in Table 2 . Follicles were recruited throughout the experimental period in both the control and heat-stress groups. The number of recruited follicles was increased (P , 0.05) at 24 h and decreased (P , 0.01) at 120 h in the heat-stressed animals compared with the controls. In the control group, the follicles that eventually ovulated were recruited from 248 to 24 h, with most observed from 2 24 to 0 h. In contrast, no follicles that eventually ovulated were recruited from 2 24 to 0 h in the heat-stress group, and this difference was significant at 0 h (P , 0.05). The ratio of follicles that eventually ovulated at 24 h was significantly higher (P , 0.05) in the heat-stress group compared with the controls. Ovulation tended to be delayed in heat-stressed goats (128.0^4.4 h) compared with that in controls (116.0^2.7 h). The growth rates of follicles, which were recruited during 2 24 to 0 h, did not differ between treatments at small size (0.75^0.25 mm/day in the control group versus 0.71^0.06 mm/day in the heat-stress group) or middle size (0.74^0.07 mm/day in the control group versus 0.76^0.05 mm/day in the heat-stress group). The follicles did not grow into the large size in the heat-stress group (large-size follicles in the control group were 0.75^0.03 mm/day). Mean follicle numbers in each size class during the experiment are shown in Fig. 1 , and representative patterns of follicular growth from one of six control and heat-stressed goats are shown in Fig. 2 .
Effects of heat stress on plasma hormone concentrations
The patterns of fluctuation of progesterone, oestradiol, LH, and FSH in the plasma are illustrated in Fig. 3 . Progesterone concentrations rapidly decreased after the PGF 2a injection and remained low throughout the remainder of the experimental period in both groups. Oestradiol concentrations increased after the PGF 2a injection. The peak concentration of oestradiol was observed at 54 h in the control group and at 72 h in the heat-stress group. The patterns of the oestradiol levels differed significantly (P , 0.05) between the control and heat-stress groups, and the concentrations in the heat-stress group were significantly lower (P , 0.05) from 36 to 54 h compared with the control group. The peak value of the LH surge did not differ between the two groups (P . 0.05); however, the surge was significantly delayed by approximately 21 h in the heat-stress group compared with the controls (83.0^2.5 and 62.0^2.0 h, respectively; P , 0.05). No significant differences were detected in the patterns of the FSH concentrations between the control and the heatstress group. The characteristics of pulsatile LH secretion are expressed in Table 3 . The frequency of the LH pulse tended to decrease in the intact goat that was heat stressed compared with the control, whereas no significant difference was detected between heat stress and control in the OVX goat that had E implantation or E þ P implantation, Table 1 Rectal temperature, respiration rate, heart rate, water intake, and feed intake in goats under control and heat-stress conditions. Data are expressed as the mean^S.E.M. of six replicates. or in the without-steroid group in each pulsatile characteristic (P . 0.05).
Effects of heat stress on LH receptor content, steroids levels, and aromatase activity in follicles
The levels of LH receptor, aromatase activity, oestradiol, and progesterone at 48 h in the follicles of each size are presented in Fig. 4 . No follicles recruited from 2 24 to 0 h grew to large size in the heat-stress group, and no significant differences between the heat-stress and control groups were found for any parameter in the small follicles. In the medium follicles, however, a number of differences were found. Compared with the control condition, heat stress significantly (P , 0.05) reduced the LH receptor content (229.7^33.8 versus 132.6^24.0 fmol/follicle), aromatase activity (152.1^25.0 versus 88.2^17.6 pg oestradiol/follicle per 3 h), and oestradiol concentration (95.4^13.7 versus 63.6^0.7 ng/follicle). The progesterone concentration did not differ significantly between the two groups (7.9^0.4 versus 8.6^0.8 ng/follicle in the control and heat-stress groups, respectively).
Discussion
In this study, we determined the changes in follicular dynamics and steroidogenic activity in goats under heat stress. The results indicated that heat stress during follicular recruitment reduced the steroidogenic activity in follicles, as shown by the decreased concentration of oestradiol and low aromatase activity. Our data also indicated that all follicles that were exposed to heat stress during recruitment regressed before attaining a large size and were never ovulated, although the number of follicles recruited during heat exposure did not change compared with that in the control goats. It has been shown that low summer fertility occurs in many mammalian species, especially in domestic animals because of their heightened productivity (Hansen et al. 2001 , Rensis & Scaramuzzi 2003 . Several causes of reduced summer fertility have been reported, including lowered oocyte competence (Al-Katanani et al. 2001 , Zeron et al. 2001 , reduced expression of oestrus (Hansen & Aréchiga 1999) , and early embryonic death (Ealy et al. 1993 , Ozawa et al. 2002 . In addition, alteration of follicular functions during heat stress, including follicular dynamics and steroidogenic activity, has been described as a major factor in reduced summer fertility (Wolfenson et al. 1995 , Wilson et al. 1998a . In the case of goats, although a number of studies have monitored ovarian dynamics using ultrasonography (Menchaca & Rubianes 2002 , Medan et al. 2003 , or analyzed the changes in ovarian steroids and gonadotrophin secretions during the Figure 1 Total follicle numbers of small size (2.0-3.4 mm; black bars), middle size (3.5-4.9 mm; shaded bars), and large size (.5 mm; white bars) in the control group and heat-stress group. The follicles were monitored during the experimental period using an ultrasonic scanner. Values are expressed as the means from six replicates. follicular phase under neutral temperature conditions (de Castro et al. 1998 , Menchaca & Rubianes 2002 , no reports have been published, to our knowledge, concerning follicular dynamics and steroidogenic activities under heat stress. Our present results, therefore, provide additional information on how to understand the effects of heat stress on follicular functions, not only in the goat as a domestic animal, but also as a ruminant experimental animal model. Several studies have reported that plasma oestradiol concentrations are decreased by heat stress in cows (Wolfenson et al. 1995 , Wilson et al. 1998a . The results in the present study also indicated that heat stress during follicular recruitment reduced the plasma oestradiol concentration during the 18-h period from 36 to 54 h. The decrease in plasma oestradiol could be related to the significant decrease in oestradiol concentration in the fluid of medium follicles caused by heat stress. Oestradiol production is regulated by aromatase activity in granulosa cells (Dorrington et al. 1975 , Erickson & Hsufh 1978 . In the cow, aromatase activity is drastically increased in medium-sized follicles (4 -8 mm in diameter), accompanied by an increase in the oestradiol concentration in the follicles (McNatty et al. 1984) . The results obtained in the present study showed that the aromatase activity in the medium follicles was lower in the heatstress group than in the control group. The reductions in oestradiol concentration and aromatase activity in the follicles are in agreement with a previous report showing that, in cows, the oestradiol concentration and aromatase activity in the dominant follicle are significantly lower in summer than in the same size follicle in autumn . Thus, it is suggested that decreased aromatase activity under heat stress suppresses oestradiol synthesis in oestrogenic follicles. In contrast, the aromatase activity and fluid oestradiol concentration in the small follicles remained low and a significant difference was not detected between the heat stress and control groups. McNatty et al. (1984) reported that the aromatase activity in pre-oestrogenic follicles remains low and the oestradiol synthesis activity is insubstantial. Therefore, it is possible that the effect of heat stress on oestradiol synthesis activity might be less evident in small follicles, although the follicular size that is the boundary of the pre-to post-oestrogenic phases will be strongly required in the goat.
Aromatase activity in granulosa cells is highly regulated by FSH (Dorrington et al. 1975 , Erickson & Hsufh 1978 . Plasma FSH concentrations were not altered by heat stress in the present study. However, a recent study in immature rats indicated that heat stress suppressed equine chorionic gonadotrophin (eCG)-induced follicular growth and caused a significant reduction of FSH receptor content in the granulosa cells (Shimizu et al. 2000) . These combined findings suggests that heat-stressed follicles lack sufficient FSH stimulation to enhance the aromatase activity owing to decreased FSH receptor expression, rather than to diminished FSH levels, and that this leads to the observed decrease in oestradiol concentrations.
Another possible mechanism that could explain the heat-induced reduction of oestradiol synthesis is suggested by the finding that androstenedione and oestradiol concentrations within follicular cells derived from the dominant follicle were reduced by heat stress in an in vitro study (Wolfenson et al. 1997) . Previous studies had indicated that the concentration of androstenedione is a limiting factor in oestradiol synthesis and follicular growth (Badinga et al. 1992 , Savio et al. 1993 . It is thus possible that heat stress in vivo causes a similar reduction of androstenedione levels and may consequently limit oestradiol synthesis. Further study to determine the relationship between androstenedione and oestradiol in heat stressed follicles in vivo is required.
Another important finding in the present study was that every follicle exposed to heat stress during recruitment regressed before developing to large size and thus never ovulated, although the number of follicles recruited during the heat-stress period did not differ from the number in control goats (Table 2 ). This might directly account for the 1-day lag in the development of follicles that eventually ovulated and the LH surge in heat-stressed goats as Figure 2 Representative growth patterns of individual follicles from goats in (A) the control group and (B) the heat-stress group. Female goats were either exposed to heat stress or not stressed (control group) for 48 h (248 to 0 h) prior to intramuscular injection of PGF 2a at 0 h. Follicular growth was observed using an ultrasonic scanner. B, Emergence of a recruited follicle; *, ovulation. compared with controls. The timing of the ovulation, however, was not delayed significantly. We collected the blood sample every 6 h for the LH assay, and ovulation was observed in every 24-h interval. This may be the reason why the time lag of the ovulation could not be traced despite the significant delay of LH surge in this study. Follicular recruitment and differentiation are induced by exposure of FSH (Fortune 1994 , Garverick et al. 2002 , and then gonadotrophin dependent for further follicular growth is transferred from FSH to LH (Webb et al. 2003) . LH regulates the progression of medium follicles to large follicles (Savio et al. 1993 , Webb et al. 1994 , as well as follicular dominance (Bodensteiner et al. 1996) in cows. In addition, pulsatile LH secretions are known to drive follicular steroidogenesis directly since the follicle become oestrogenic (Baird 1983) . Several stressors such as insulininduced hypoglycemia (Medina et al. 1998) or endotoxin injection (Battaglia et al. 1997) are known to cause a decrease in LH pulse frequency. The present results also indicated that the number of LH pulses tended to decrease in intact goats due to heat stress (3.5 times in controls versus 2.5 times in heat stress). Therefore, the reduced stimulation of the growing follicle by LH, due to heat stress, could be a cause of follicular atresia. In contrast, our present data also indicated that no significant differences in the characteristics in LH pulse were detected between heat stress and control in OVX goats regardless of whether ovarian steroid(s) were implanted or not. These results suggest that the effect of heat stress in the present study was minimal to disturb the GnRH pulse generator. Previously, Kanai et al. (1995) demonstrated in long-day-treated anoestrous goats that heat stress prevented the increase in plasma oestradiol concentration and the LH surge induced by exogenous GnRH injection, although the frequency of LH pulses did not change due to heat stress, indicating that heat stress reduced follicular responsiveness to LH. In the present study we have shown direct evidence that the expression of LH receptor in heatstressed follicles was decreased. Taken together, these findings suggest that follicular responsiveness to LH is suppressed by heat stress and that heat-stressed follicles thus lack sufficient LH stimulation, leading to regression of the follicles before ovulation. Further studies investigating the mechanisms that block LH receptor expression during heat stress are required. A significant reduction of feed intake during heat stress was also observed in this study. Prolonged energy imbalance is also an indirect factor that can alter follicular growth (Lucy et al. 1992 , Butler 2001 , Roche & Diskin 2001 . However, the duration of the heat stress in this study was 48 h, and every parameter we monitored to determine the general response to heat stress did not differ between the two groups before and after the period of heat stress. Therefore, the indirect effects of energy imbalance were likely to be minimal compared with the direct influences of heat stress on follicular function. In conclusion, heat stress during recruitment severely compromises follicular growth from medium size to ovulation and these effects are associated with suppressed oestradiol and LH receptor levels.
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